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Life Cycle Cost Analysis (LCCA) is one of the most well established methods used in determining 
the best alternative pavement project. The two main pillars of LCCA are user costs and agency 
costs. User costs are incurred during normal transportation operation and when there is a work 
zone present. Costs that occur during normal operating conditions are due to pavement surface 
profile, while costs that occur during work zone activities are due to agency decisions on work 
zone conditions. In traditional LCCA, it is assumed that work zones costs are the main part of 
user costs. The work zone costs include vehicle delay costs, vehicle operating costs, crash costs, 
and emission costs. On the other hand, costs associated with normal operating conditions, such 
as vehicle operating costs, are independent of project alternatives and thus they are negligible. 
However, recent studies have suggested that vehicle operating costs are more sensitive to 
roughness and texture profile than initially thought. Therefore, even slight changes in pavement 
surface profile may affect user costs. This study introduces a methodology that considers 
normal operating conditions in LCCA; including pavement surface properties. The approach is 
presented in a Microsoft Excel Visual Basic (VBA) tool. Finally, a case study is presented to 
illustrate the importance of user costs for normal operating conditions and their effect on LCCA. 
Analysis showed that for medium to low traffic roadways, the impact of normal operating costs 
is significant when compared to work zone costs. Furthermore, decreasing the number of 
treatment activities may increase the user costs because the pavement is less frequently 
improved. In addition, as would be expected, it was found that with increasing discount rates, 
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Chapter 1:   Introduction 
1.1 Background 
It is tempting for decision makers and elected officials to make budgetary-based short-term plans. After 
all, there are budget and time constraints for decision making. Although short-term planning may 
reduce cost, it will have long-term impact. With growing demand for long lasting transportation 
infrastructures, long-term costs could be crucial for decision making (Stanford University, 2005).  
Life Cycle Cost Analysis (LCCA) is an analysis technique used to evaluate the long-term costs of different 
alternatives (Walls & Smith, 1998). This is different than cost-benefit analysis (CBA), usually used by 
agencies. The CBA aims to quantify the benefits as well as the costs of an investment.  Benefits are 
assumed by various alternatives when performing LCCA. 
For pavement LCCA, traditionally, there are two main types of cost: Agency costs and user costs. Agency 
costs are the costs that are associated with materials, construction, rehabilitation and maintenance 
stages of a project. These costs are easy to estimate if rehabilitation strategies are known. User costs, on 
the other hand, are costs that are incurred by the roadway user. These costs could be due to fuel 
consumption, tire wear and tear, vehicle maintenance and repair, traffic delay, crash, and emission. User 
costs are generally difficult to estimate because of inherit uncertainty if traffic and their association with 
pavement condition.   
The LCCA was first introduced to the US agencies by The American Association of State Highway Officials 
(AASHTO) “Red Book” in 1960. In 1969, available data were combined to be used in a systematic life 
cycle costing approach (Winfrey 1969). In 1972, LCCA was first recommended to the agencies by 
AASHTO as part of the1972 Pavement Design Guide. However, it was not adopted because there was no 
clear framework for agencies to follow. In 1984, the Federal Highway Administration (FHWA) examined 
36 pavement projects built since 1960 and prepared the “FHWA Pavement Selection Based on Life Cycle 
Costs”. That was one of the first examples that compare various pavements over their service lives. Only 
agency costs, related to construction and maintenance, were considered. In 1996, revised section 303 of 
the National Highway System (NHS) required agencies to use LCCA for the NHS projects. Federal 
Highway Administration released “Life Cycle Cost Analysis in Pavement Design” in 1998, which included 
user costs. In 2004, FHWA released “RealCost.” An LCCA tool; and in 2011, the National Cooperative 
Highway Research Program developed a process for pavement selection based on LCCA, NCHRP 703.  
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Nowadays, there are several calculation models, used by agencies, to conduct LCCA (e.g., QUEWZ in 
Australia and COMPARE in Great Britain). One of the most common models used by many countries, 
including the US, is Highway Design and Management (HDM), which was developed by the World Bank 
and has several versions (Huvstig, 1998). Although the models are powerful, they have not been used to 
their designed extent. The HDM models were recently calibrated for their applications in the US (Zaabar 
and Chatti, 2012). 
Currently, LCCA is used in major projects. Although it is a good tool for decision making, it requires a 
number of assumptions and prediction models. These assumptions include inflation rate, discount rate, 
traffic conditions, and performance of the roadway for the next decades. Additionally, the agency must 
select the costs to be included in the analysis.  
1.2 Problem Statement and Objective 
In 2014, Caltrans explored 17 agencies nationwide and reported that the range of parameters used by 
agencies for LCCA analysis were not consistent. Although all explored agencies supported LCCA, only 
60% apply LCCA regularly. Some of the reported limitations are the difficulty of the process and the 
inclusion of user costs (ASCE, 2014).  
Unfortunately, there is no standardized approach for calculating user costs in LCCA. Traditional LCCA 
only considers work zone related costs such as delay costs and idling costs. It is a common practice to 
assume normal vehicle operation costs are equal for various alternatives. Therefore, LCCA guidelines 
generally overlook normal operating costs such as fuel consumption, tire wear-tear and repair costs. 
However, pavement condition, especially pavement roughness. Impacts on operating costs is greater 
than earlier estimates (Chatti, 2012). To improve LCCA prediction capabilities, normal operating costs 
must be included in the analysis.  
The objective of this study was to determine the impact of normal operation costs on LCCA. To achieve 




Chapter 2:   Pavement LCCA Terminology 
For pavement projects, there are two main pillars of incurred costs: agency costs and user costs. Agency 
costs are acquired by an owning agency. Agency costs include material, labor, and equipment costs 
related to the initial construction and maintenance of a pavement. Quantification of these costs is rather 
straightforward because these costs are usually well documented in unit processes or pay items. 
However, it is important to adjust for changing money value when analyses of agency costs are 
performed   
User costs, on the other hand, are the costs incurred by users driving on the section that the owning 
agency is responsible for maintaining. These costs are the main focus for this study.  
Aside from the two main pillars, discounting rate and price adjusting must be performed to adjust the 
spent money for the time value of money (TVM). This chapter introduces the necessary concepts and 
background information for pavement LCCA. 
2.1 Time Value of Money (TVM) 
Changes in the value of money over time must be accounted for by correcting for inflation and 
discounting rates. While both corrections are necessary for LCCA, inflation and discounting are different 
processes and should not be confused with each other.  
Inflation captures the purchasing power of a currency over time. To capture the variation of prices or 
wages because of inflation, Consumer Price Index (CPI) is used to scale the value of money from one 
year to another. The U.S. Bureau of Labor Statistics publishes yearly CPI values for each economic sector.  
Equation 2.1 is usually used to account for inflation. For example, if the price of a gallon of fuel in 2000 is 
$2.00, the CPI in 2000 is 172.2, and the CPI in 2015 is 237.07, then the price of a gallon of fuel is 
calculated as follows: 2 ∗
237.07
172.2
= $2.75 per gallon. 
𝐷𝑜𝑙𝑙𝑎𝑟𝑠𝐵𝑎𝑠𝑒 𝑌𝑒𝑎𝑟 = 𝐷𝑜𝑙𝑙𝑎𝑟𝑠𝐷𝑎𝑡𝑎 𝑌𝑒𝑎𝑟 ∗
𝑃𝑟𝑖𝑐𝑒 𝐼𝑛𝑑𝑒𝑥𝐵𝑎𝑠𝑒 𝑌𝑒𝑎𝑟
𝑃𝑟𝑖𝑐𝑒 𝐼𝑛𝑑𝑒𝑥𝐷𝑎𝑡𝑎 𝑌𝑒𝑎𝑟




So, $2.75/gal is considered the fuel price (the amount of money someone would spend at the gas pump) 
in 2015. This type or money is called real dollars. Real dollars define the price of an item that is adjusted 
with inflation to another year. On the other hand, current dollars define the price of an item in that 
given year. In this case, the $2/gal price of gas in 2000 would be considered current dollars. Current 
dollars are useful when the price of an item is known for each year, like fuel. However, the prices of 
various unit items are not collected every year, and conversion to real dollars using inflation correction 
is necessary. 
Once price is adjusted for inflation, it should be adjusted for discounting. Discounting is also referred to 
as adjusting for the opportunity value of time. The opportunity value of time as it applies to current 
versus future funds can be understood in terms of the economic return that could be earned on funds in 
their next best alternative use (FHWA, 2011). This is because a dollar spent in 2000 would have a 
different purchasing power than a dollar spent in 2015. In other words, discounting captures the present 
value of a stream of payments made at different times. There are different methods for calculating the 
present value of an investment. In this study, present worth calculation is used. Present worth of any 
future investment is calculated as follows: 
𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 = 𝐹𝑢𝑡𝑢𝑟𝑒 𝑉𝑎𝑙𝑢𝑒 ∗
1
(1+𝑑𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑣𝑎𝑙𝑢𝑒)𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑦𝑒𝑎𝑟𝑠
                                              (2.2) 
Continuing with the aforementioned example, if one would like to determine the amount of money to 




= $1.29/𝑔𝑎𝑙𝑙𝑜𝑛.  
Note that the $2/gal that was reported initially as the actual price of fuel in 2000 does not match the 
$1.29/gal present cost. $2/gal is the money one needs to buy a gallon of fuel in 2000. On the other 
hand, $1.29 is the money one needs to save in 2000 to buy a gallon of fuel in 2015. This is why inflation 
and discounting are separate concerns. 
In traditional pavement LCCA, adjustment for inflation is only done at the beginning of calculation and 
the unit prices for different items are converted to construction year dollars using discounting. Then, the 
real discount rate is used to adjust for discounting. This method is adopted in this study.  
5 
 
2.2 Agency Costs 
Agency costs, the first pillar of pavement LCCA, defines the cost incurred by the agency responsible for a 
project. It consists of the initial construction, material, equipment, and labor costs as well as the 
operation and safety costs associated with maintenance activities. 
There are terminal values associated with agency costs as well. These include salvage value, which is the 
net value of recycled materials after a project’s lifetime, and remaining service life, which is the residual 
value of a project. 
When agencies bid for a project, they usually use pay items in their contracts to bid prices for unit items 
or unit processes. This makes agency cost calculations easier because it lowers the uncertainty involved 
in price determination. Pay items were used in this study to quantify the agency costs. A detailed 
explanation of pay items is presented in Chapter 6. Agency costs have two types of costs, described as 
construction costs and salvage value that are related to the maintenance schedule and lifetime of the 
pavement 
2.3 User Costs 
This study’s focus, user cost, is defined as the costs incurred by the user driving on a pavement section. 
User cost consists of two main parts: those due to normal operating conditions, where the cost is mainly 
a function of pavement condition, and those due to a maintenance activity, where there is a work zone 
present that restricts traffic flow.  
When the term user cost is used, it usually refers to monetized user costs. There are also user costs that 
are difficult to monetize, such as the comfort of the user, local economic impacts of a specific project, 
and noise pollution. These costs are usually ignored since they are very difficult to quantify. 
In Chapter 4, components of user costs along with the calculation methodologies used in this study are 
further discussed.   
2.4 Analysis Period 
In every LCCA, there are multiple alternatives. It would be ideal for the alternatives to have the same 
service life. That would make the comparison straightforward. In practice however, alternatives rarely 
have the same service life. Therefore, an analysis period is needed to provide a baseline. For instance, if 
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alternatives A and B are being compared and A has a service life if 50 years while B has 45, the minimum 
of two, 45 in this case, would be selected as analysis period. For accurate comparison, the remaining five 
years of A must be accounted for. If an asset still have a useful life after the analysis period, the salvage 
value must be determined (Ozbay et al, 2003). One straightforward approach for determining salvage 
value is reducing the cost of the final maintenance activity proportionally. For instance, if the final 
maintenance activity for alternative A is on year 35 and it is intended to last until year 50, the cost at 
year 35 would be multiplied by (45-35)/(50-35) to consider the cost reduction. 
2.5 Computational Methods 
There are two main approaches for LCCA: deterministic and probabilistic. LCCA is comprised of a large 
number of uncertainties, and each method addresses uncertainties differently. 
In deterministic analysis, every single LCCA parameter is determined. Parameters are usually based on 
historical data. Because of its computational simplicity, most LCCA methodologies are deterministic. 
However, deterministic analysis overlooks real life data uncertainty. Hence, results are usually 
complemented with sensitivity analysis to capture the effects of these uncertainties.  
The second approach for LCCA is probabilistic analysis. In this method, selected variables have a 
probability distribution and may be modeled as stochastic parameters. This requires changing the 
stochastic parameters for each of several thousand runs of a LCCA model. This approach is also known 
as Monte Carlo Analysis. Since probabilistic analysis reports a distribution of values, it is more powerful 
at capturing uncertainty than deterministic analysis, which provides a singular sensitivity value. 
RealCost, a commonly used LCCA tool that has been developed by the FHWA, adopts this approach.   
In this study, a deterministic approach was used because the considered analysis methods are too 
advanced to utilize a probabilistic approach. 
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Chapter 3:   Work Zone User Cost Components  
User costs are comprised of work zone costs and normal operating costs. In this section, work zone 
related user costs are discussed. Work zone costs occur whenever there is an activity that disrupts the 
normal operating conditions of a road. This disruption results in delays, negative impacts on the 
surrounding community, and safety concerns. In this study, only delay costs, fuel costs, and crash costs 
due to work zones were considered.  
3.1 Delay Cost Calculation 
Delay costs are one of the major components of work zone user costs. There are many ways to compute 
the amount of delay. It is rather easy to compute the number of vehicles in the work zone as a function 
of time, since hourly annual average daily traffic (AADT) is usually known. Since the capacity of the work 
zone lanes is also known, the amount of cars in the work zone area for any given time can be calculated. 
The queue length and queue speed are important parameters to determine since they define the rate at 
which a queue forms, traverses, and dissipates. There are different tools for calculating delay costs. One 
of the most popular LCCA tools, RealCost, bases its estimations on an hourly traffic demand and capacity 
analysis (FHWA, 1998). 
In this study, traffic delay estimates were obtained from two-phase traffic models reflecting normal and 
construction conditions. To develop these two-phase models, normal capacity and queue density for 
both normal operating and construction conditions were calculated by multiplying the number of open 
lanes by the per-lane capacity and per-lane queue density provided by the project conditions.  
Delays occur whenever work zone conditions restrict the flow of normal operating conditions. Total 
delay may be calculated using Equation 3.1: 









                                    (3.1)      
 
Where,  
VMTconstruction = Vehicle miles travelled when a work zone is present without queues; 
VMTqueue = Vehicle miles travelled when a queue is present; 
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FFS = Free flow speed during normal operating conditions; 
FFSWZ = Free flow speed with presence of work zone; and 
vD = Speed of vehicles in queue. 
Free-flow speed under normal operating conditions was estimated using the Highway Capacity Manual, 
HCM 2010: 
𝐹𝐹𝑆 =  75.4 − 𝑓𝐿𝑊  −  𝑓𝐿𝐶  −  3.22 𝑇𝑅𝐷
0.84  (3.2)    
                           
Where, 
FFS = Free-flow speed;  
fLW = An adjustment factor for lane width; 
fLC = An adjustment factor for lateral clearance; and 
TRD = Total ramp density or number of exit ramps per mile.   
The lateral clearance on highways for this study is assumed to be at least six ft on either side; therefore, 
fLC is assumed to be 0 as recommended by the Highway Capacity Manual (HCM). fLW factors are given 
below: 
           fLW = 0 if Lane width (ft) x >=12 
           fLW = 1.9 if Lane width (ft) 12 > x >=11 
           fLW = 6.6 if Lane width (ft) x <11 
Work zone free-flow speeds were estimated using the model presented by Hajbabaie et. al (2015) as 
shown in Equation 3.3:   





FFSWZ = Free-flow speed through the work zone;  
fSr = Ratio of the non-work zone speed limit to the work-zone speed limit; 
fS = Posted speed in the construction zone; 
fLCSI = Lane Closure Severity Index: Inverse of the open lane ratio (total/open) multiplied by the 
inverse of the number of open lanes;  
fBr = Barrier type, in which 0 is awarded for concrete barriers and 1 for cone or drums; 
fDN = Day/night indicator, in which 0 is awarded for daytime construction and 1 for nighttime 
construction; and 
           fNr = Number of ramps within three mi upstream and downstream of the work zone.   
 
vD can be calculated by Equation 3.4:  
𝑣𝐷 =  
𝑞𝑚𝑎𝑥,𝑊𝑍
𝑘𝐷
  (3.4)  
Where, 
     qmax,WZ = Capacity of the work zone; 
kD = Density of traffic in the queue corresponding to qmax,WZ as given by equation 3.5: 
𝑘𝐷 =  𝑘𝑗𝑎𝑚 −
𝑞𝑚𝑎𝑥,𝑊𝑍
𝑤𝑝
  (3.5) 
Where,   
kjam = Queue density of the freeway under normal operating conditions; and  
wp = The speed at which the front-of-queue propagates upstream, given by equation 3.6: 
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VMTconstruction is the number of vehicles traversing the construction area times the length of the 
construction. VMTqueue, however, requires the calculation of a queue length or a queue area. 
𝑉𝑀𝑇𝑞𝑢𝑒𝑢𝑒 =  AD × 𝑞𝑚𝑎𝑥,𝑊𝑍 (3.7) 
The area of the queue, AD, is the area between the front and back of the queue over time. If the front of 
the queue hasn’t surpassed the back of the queue, the area will be trapezoidal in shape and is given by 
Equation 3.8:  
𝐴𝐷










𝑡 )| (3.8) 
Where,  
 𝐴𝐷
𝑡  = Area in the queue between hour (t-1) and t;   
𝑥𝑓𝑟𝑜𝑛𝑡
𝑡  = Location of the front of the queue at time t, which is given by Equation 3.9; and 
𝑥𝑏𝑎𝑐𝑘
𝑡  = Location of the back of the queue at time t, which is given by Equation 3.10: 
𝑥𝑓𝑟𝑜𝑛𝑡
𝑡 = 𝑥𝑓𝑟𝑜𝑛𝑡
𝑡−1 + 1 ℎ𝑜𝑢𝑟 × 𝑤𝑝 (3.9) 
𝑥𝑏𝑎𝑐𝑘
𝑡 = 𝑥𝑏𝑎𝑐𝑘
𝑡−1 + 1 ℎ𝑜𝑢𝑟 × 𝑤𝑉𝑜𝑙,𝐷 (3.10) 
 









𝑡  is the flow associated with the volume at time t. 












Where T is the fraction of an hour in which the queue exists, and is given by Equation 3.13:  
𝑇 = ((t − 1) − 𝑡𝑒𝑛𝑑) + (
𝑥𝑏𝑎𝑐𝑘
𝑡−1 −𝑥𝑓𝑟𝑜𝑛𝑡





Once total delay is computed using Equation 1, the total delay time in hours can be converted to delay 
cost using driver wages for each vehicle type provided in FHWA estimates for driver wages in the 
RealCost Technical Document (FHWA, 1998). Calculation is given in Equation 3.14: 
𝐷𝑒𝑙𝑎𝑦 𝐶𝑜𝑠𝑡𝐴 = 𝑇𝑜𝑡𝑎𝑙 𝐷𝑒𝑙𝑎𝑦 ∗ 𝑊𝑎𝑔𝑒𝐴 ∗ %𝐴𝑇𝑟𝑎𝑓𝑓𝑖𝑐 ∗ 𝑓𝑜 ∗ 𝑓𝑏         (3.14)                
Where, 
 WageA = Hourly wage of a driver in a given vehicle type. Vehicle types in this study include 
passenger cars, small trucks, medium trucks, and large trucks; 
 %ATraffic = Percentage of vehicle type A in traffic; 
 fo = Occupancy factor or the average number of individuals in vehicle type A; and 
 fb = Business travel factor. If a vehicle’s travel purpose is personal and not business, passengers’ 
hourly wages are decreased by 50% for local roads and 70% for interstates. Then, this reduction factor is 
multiplied by the percentage of Vehicle Type A for personal use.  
3.2 Crash Costs 
It is reported that work zones increase crash risk by approximately 60% (Ullman et al., 2008). Therefore, 
there is a need for a crash modification factor (CMF) for work zones when they exist. However, there are 
additional measures that an agency usually takes in order to prevent crashes in work zones. 
Unfortunately, data for these prevention measures are not widely available and are case dependent. 
This makes crash costs one of the most unpredictable components of user costs. However, because 
crash costs are not the main focus of this study, FHWA recommended values were used for crash 
calculations. When calculating crash cost, both CMF and the aforementioned precautions should be kept 
in mind. Crash cost is given in Equation 3.15: 
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𝐶𝑟𝑎𝑠ℎ 𝐶𝑜𝑠𝑡𝐶𝑟𝑎𝑠ℎ𝑇𝑦𝑝𝑒𝑋 = CMF ∗ PCF ∗
𝐴∗106
𝑇∗𝐿∗𝐴𝐴𝐷𝑇∗365
∗ 𝐶𝑜𝑠𝑡𝐶𝑟𝑎𝑠ℎ𝑇𝑦𝑝𝑒𝑋   (3.15)           
Where, 
 CMF = Crash modification factor; 
 PCF = Precaution factor; 
A = Average number of crashes for the analysis period for crash type X; 
T = Analysis duration in years; 
L = Length of the roadway segment; and 
AADT = Annual average daily traffic. 
For CostCrashTypeX, the severity of the accident must be taken into consideration, especially the human 
capital costs and comprehensive costs. The KABCO injury scale is widely used for assessing the severity 
of crashes. In the KABCO scale, K is fatal, A is incapacitating, B is injury, C is possible injury, and O is 
property damage only. Once the severity of the crash is known, the cost of a crash could be determined 





















Mean Std Dev Mean Std Dev 
<=45 No Injury $8,512 $997 $10,249 $1,408 
<=45 B or C $33,369 $4,561 $60,333 $9,021 
<=45 A $163,157 $15,153 $316,380 $33,532 





$67,342 $22,127 $129,418 $42,249 
<=45 Unknown $14,386 - $22,841 - 
>=50 No Injury $3,672 - $4,015 - 
>=50 B or C $54,605 $32,590 $101,712 $61,756 
>=50 A $116,545 $26,407 $189,805 $36,182 





$61,573 - $146,281 - 





Chapter 4:   Normal Operation User Cost Components  
4.1 Overview 
In addition to work zone costs, there are costs related to normal operation affected by pavement 
condition. Some of these costs can be monetized as fuel consumption, tire wear and tear, and repair 
costs, whereas some may not be monetized, such as ride comfort and noise. Only fuel, tire wear and 
tear, and repair costs were considered in this study. Three types of normal operation costs may be 
considered: base costs, differential costs, and total costs. 
Base costs are the costs associated with travel from one point to another. These costs do not affect life 
cycle cost analysis (LCCA) and are independent of project alternatives. Most LCCA documents are 
prepared by agencies and follow similar assumptions. An LCCA document prepared by Caltrans (2013) 
states, “Although user costs are incurred during normal operating conditions, they are not considered in 
LCCA because normal travel costs are not dependent on individual project alternatives.” This statement 
is true for base costs.  
Differential costs, on the other hand, are extra costs due to pavement condition. These are extra costs 
incurred on the user because of agency’s decision regarding maintenance schedule and are associated 
with pavement condition. These costs are project alternative dependent. International Roughness Index 
(IRI) is one proxy for distinguishing between base costs and differential costs. It can be assumed that 
below a base IRI value, all incurred costs are base costs. Once the pavement condition starts to worsen 
and IRI increases above that selected base level, differential costs are incurred. Total costs are the sum 





FIGURE 4.1 Illustration of total, base, and differential costs. 
The cost difference between two project alternatives is caused by differential costs. To calculate 
differential costs, it is important to quantify the variation in pavement condition between project 
alternatives. Pavement condition difference may refer to present serviceability index (PSI), roughness, or 
texture. It is widely accepted that roughness is the largest contributor to rolling resistance and thus 
operating costs (Hammarström et al., 2012). Roughness was used in this study as the main measure of 
pavement condition through IRI.  
Once the variation in pavement condition is quantitatively established, differential costs may be 
accurately computed as a function of pavement conditions. Traditional LCCA approaches assume that 
the differential costs are negligible between projects; based on work conducted by the World Bank in 
1997. That study suggests that the operating costs are not sensitive to IRI below 150 in/mi. Because the 
IRI for most highways and tollways in the US below 150in/mi, it is commonly accepted that differential 
































Recent studies illustrate that the vehicle operating costs are more sensitive to IRI levels than initially 
thought. Figure 4.2 illustrates that vehicle operating costs start increasing at an IRI level of 60 in/mi 
instead of 150in/mi. As traffic increases, these additional costs might build up and start affecting LCCA 
results (Zaabar and Chatti, 2012). 
 
 
FIGURE 4.2 Revised vehicle operating costs vs. pavement roughness (Zaabar and Chatti, 2012). 
Differential user costs during normal operation are fuel costs, tire wear and tear costs, and maintenance 
costs. For each cost item, unit costs are needed to connect consumption models to costs. For example, 
the unit price of fuel is needed to convert fuel consumption into costs, using consumption models. 
Similarly, for tire wear and tear, consumption models predict the number of tires worn due to pavement 
condition; the unit cost of a tire is needed to connect consumption to cost.  
Increasing the IRI over the lifetime of the pavement would increase fuel consumption, tire wear and 
tear, and vehicle repair costs. Therefore, an accurate IRI progression model is also important for 
accurate cost estimation. The following sections discuss the consumption models for fuel, tire, and 


































Small and Medium Trucks Large Trucks Passenger Vehicles
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4.2 Unit Costs 
In this study, unit costs were obtained from NCHRP 720 report and presented in Table 4.1 (Zaabar and 
Chatti, 2012). Fuel costs were obtained from the U.S. Energy Information Administration and scaled with 
consumer price index (CPI) to the construction year if data were not available. Tire cost, repair cost, and 
fuel cost data were obtained from 2007, 2011, and 2016, respectively.  
TABLE 4.1 Unit Costs for Vehicle Operation 
 
Unit Costs 
Fuel Cost  








Small car $2.45 $100 0.064 
Medium car $2.45 $100 0.064 
Large car $2.45 $100 0.064 
Van $2.45 $150 0.083 
Four-wheel drive $2.45 $150 0.083 
Light truck $2.45 $175 0.083 
Medium truck $2.77 $200 0.092 
Heavy truck $2.77 $250 0.119 
Articulated truck $2.77 $250 0.191 
Mini bus $2.77 $150 0.199 
Light bus $2.77 $175 0.083 
Medium bus $2.77 $200 0.092 
Heavy bus $2.77 $250 0.119 
Coach $2.77 $250 0.191 
 
4.3 Fuel Consumption 
The roughness energy model used in this study relies on vehicle specific power relationships (VSP) to 
estimate additional rolling resistance and fuel consumption caused by changes in roughness. In 
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particular, a regression model was created using previously developed MOVES simulations correlating 
HDM-4 models (Ziyadi et al., 2017). This model, known as the roughness speed impact model (RSI), 
estimates the increase in fuel consumption per unit increase in roughness. The model is given 
below:              
𝑅𝑆𝐼𝑡=0
𝐸𝑛𝑒𝑟𝑔𝑦
: ?̂?(𝑣, 𝐼𝑅𝐼) =
𝑝
𝑣
+ (𝑘𝑎. 𝐼𝑅𝐼 + 𝑑𝑎) + 𝑏 × 𝑣 + (𝑘𝑐. 𝐼𝑅𝐼 + 𝑑𝑐) × 𝑣2   (4.1)     
 
Where E is the energy consumed per VMT in MJ, v is the speed of the vehicle in mph, and model 
coefficients are given below. 
TABLE 4.2 Model Coefficients for Different Vehicle Types 
Coefficients Passenger 
Car 
Small Truck Medium 
Truck 
Large Truck 
ka 6.70E-01 7.68E-01 9.18E-01 1.40E+00 
kc 2.81E-04 1.25E-04 1.33E-04 1.36E-04 
dc 2.1860E-01 3.0769E-01 9.7418E-01 2.3900E+00 
da 2.1757E+03 7.0108E+03 9.2993E+03 1.9225E+04 
b -1.6931E+01 -7.3026E+01 -1.3959E+02 -2.6432E+02 
p 3.3753E+04 1.1788E+05 1.0938E+05 8.2782E+04 
Once the energy is calculated, energy is converted to gallons of fuel using the conversion rates 









TABLE 4.3 Conversion Rates for Different Vehicle Types 
  Unit Process Type Unit MJ / GAL 
Passenger 
Vehicle Petrol, unleaded, at regional storage/US- US-EI U 
Gasolin
e MJ 131.10 
Small Truck Petrol, unleaded, at regional storage/US- US-EI U 
Gasolin
e MJ 131.10 
Medium truck 
Diesel, low-sulphur, at regional storage/US- US-
EI U Diesel MJ 144.85 
Large Truck 
Diesel, low-sulphur, at regional storage/US- US-
EI U Diesel MJ 144.85 
 
Texture-related fuel consumption, on the other hand, only affects heavy vehicles. Although it is 
relatively small when compared to consumption because of roughness, it should still be considered. The 
energy equation for texture depends only on vehicle speed (𝑣) in mph and reported in increase in Mega 
Joules (MJ) per increase in mean profile depth (MPD) in inches (Zaabar and Chatti, 2012). 
𝛿𝐸𝑡𝑒𝑥𝑡𝑢𝑟𝑒 (%)  =  0.02 − 2.5 ×  10 − 4 × (𝑣 − 35)   (4.2) 
       
4.4 Tire Wear and Tear 
The tire wear and tear costs are adopted from the NCHRP 720 report (Zaabar and Chatti, 2012). The HDM4 
models were taken as a baseline and were calibrated with field data. It was found that on average at a 
base IRI level of 60 in/mi and at 0.04 in mean profile depth (MPD), percent tire wear per tire of passenger 
vehicles, small, medium, and large trucks are 0.0025 %/mi, 0.0046 %/mi, 0.0046 %/mi and 0.0015 %/mi 
respectively. 100% corresponds to total wear of a tire when a tire tread depth reaches to 0.126 inches. 
As IRI levels increase, tire wear and tear costs also increase. Therefore, for each IRI level that is larger than 
60 in/mi, IRI correction factors were used to correctly estimate the costs. The correction factors for 70 




FIGURE 4.3 Increase in tire wear and tear costs with IRI. 
4.5 Repair and Maintenance 
It is difficult to decouple regular maintenance of vehicles from that incurred due to road-specific condition 
such as roughness. The NCHRP 720 report provides a simulation for road networks based on vehicle 
dynamics simulations. For a base IRI of 60 in/mi and 0.04 in MPD, it was found that cost of repair and 
maintenance per 1000 mi for passenger vehicles, small, medium, and large trucks are $64, $147, $186 and 
$198, respectively. Repair costs are found to be less sensitive to roughness than fuel and tire wear. Repair 
costs do not increase because of roughness until an IRI level of 180 in/mi, which is not reached by many 
highway roads that are kept in a relatively smooth condition, but might be significant for medium- and 
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Chapter 5:   Tool Development 
To perform a sustainability assessment of a system, both cost and environmental impacts should be 
considered. Life cycle assessment (LCA) is a technique used to assess environmental impacts associated 
with all stages of a product's life. For pavement systems, it includes “materials and construction,” 
“maintenance and rehabilitation,” “use,” and “end of life” stages. The LCA methodology has recently 
been used for pavement applications (Santos et al, 2014, Harvey et al 2013).  
From an LCA standpoint, agency costs incur from the “materials and construction,” “maintenance and 
rehabilitation,” and “end of life” stages. User costs, on the other hand, incur during the “use” stage, 
when vehicles are using the infrastructure. Work zone user costs can be associated with either the “use” 
stage or the “maintenance and rehabilitation” stage. 
Even though LCA and LCCA are separate analyses and should not be confused, it is important for an 
agency to be aware of both environmental and economic impacts. In 2016, the Illinois Center for 
Transportation ICT developed an LCA tool to be used by the Illinois Tollway (Al-Qadi, et al., 2016). This 
study introduces an LCCA module built on top of the LCA tool. In this section, details of the LCCA module 
are discussed. 
5.1 Overview of the Tool 
Any construction project has four distinct stages: materials and construction, maintenance and 
rehabilitation, use, and end of life. 
The materials and construction stage refers to the first major rehabilitation or reconstruction that is 
applied to the pavement structure. The maintenance stage includes the maintenance activities that are 
performed for the analysis period or design period of the structure. The use stage refers to the usage of 
the section by passenger vehicles or trucks. Types of vehicles considered in this tool are passenger 
vehicles, small trucks, medium trucks and large trucks. The use stage includes both the times at which 
there is no work zone and the times when there is a work zone. Finally, the end of life is the final stage 
of the project in which it is either terminated or recycled.  
A tool has been developed to capture all these stages and their economic impacts. The overall design of 





FIGURE 5.1 LCA/LCCA Tool Home Page 
The tool uses pay items to make it easier for contractors to use the tool. A pay item is defined as a 
specific unit of work for which a price is provided and the contractor is paid while a highway is under 
construction.  
 
5.2 Pay Item Framework 
Traditional LCA and LCCA tools require users to enter the design cross-section, length, and cost 
manually. The main limitation of this approach is that contractors or agencies usually work with pay 
items when they bid for or design a project. Pay items are breakdowns of a task into their individual 
elements. Figure 5.2 shows an example of pay item, 11.25-in composite Portland cement concrete. To 
construct a square yard of this specific pay item, different materials and equipment are needed. Each 
type of material or equipment has different costs that contribute to the overall cost of the pay item.  
Each pay item can have multiple unit processes connected to it. From an LCA standpoint, it is very 
important to know the environmental impacts of each unit process for the materials and equipment 
that construct the pay item. From an LCCA standpoint, however, only needed the cost of that pay item 






FIGURE 5.2 Example Pay Item Breakdown 
The agency cost component of the tool is constructed using the pay item framework. Any time a pay 
item is entered, its cost is first converted to the construction year using CPI, and then discounting is 
applied to find the final present worth of the cost. The LCA/LCCA tool is structured in a way that the user 
can add or remove each pay item and change its quantity as shown in Figure 5.3. The user also has the 





FIGURE 5.3 List of Pay Items for a Given Project 
 




5.3 Work Zone Configuration 
The tool calculates the environmental impact and user costs caused by work zone activities. Work zones 
occur either during initial construction or maintenance stages. For a work zone, the user first defines the 
maintenance activities associated with work zones as shown on Figure 5.5. Second, for each work zone 
activity, the user defines the number of stages, completion rate, and the work zone geometry as shown 
in Figures 5.6 through 5.9. Once this information has been collected from the user, it is used to calculate 
the delay cost and the work zone fuel consumption. 
 





FIGURE 5.6 Work Zone Stages  
 










FIGURE 5.9 Work Zone Speed and Capacity 
5.4 User Cost Inputs 
The user costs considered in this study were: work zone delay costs, fuel costs, tire wear and tear costs, 
repair costs, crash costs, and emission costs. The user is required to input the discount rate for analysis, 
the cost items to be included in the analysis, crash rate information, emission cost information, and 




FIGURE 5.10 Cost Inputs Main User Interface 
Vehicle operating costs can be included or excluded from the analysis. As a default, only differential 
vehicle operating costs are computed, but the user also has the option to calculate total vehicle 
operating costs. If this option is not selected, vehicle operating costs are calculated according to a base 
IRI level of 40 in/mi. Cost is calculated only if the pavement roughness is greater than 40 in/mi.  
The salaries of drivers, vehicle occupancy rates, and the percentage of drivers on business trips are 
required to calculate work zone delay as shown in Figure 5.11. The default values are provided from the 
1998 FHWA LCCA document (FHWA, 1998). 
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Crash cost input calculations require the user to enter the number of crashes for a given analysis period 
for a selected length. Using the unit costs of crashes, explained in Chapter 4, the crash rates are 
converted into cost. 
Emission cost calculations require the user to enter a cost per ton of CO2. Since the tool was initially 
developed as an LCA tool, emissions are already calculated and reported. By assigning a dollar value to 
these emissions, the user has the power to combine LCA and LCCA results in a very simplistic manner.  
 










5.5 IRI Progression Visualization 
The IRI progression model described in Chapter 4 is used to construct the roughness progression as 
shown in Figure 5.12. The user has the flexibility to change the IRI progression model parameters as 
needed.  
 
FIGURE 5.12 IRI Progression User Interface 
 
5.6 Outputs of the tool 
5.6.1 Agency Cost Outputs 
Agency costs are computed and displayed to the user in construction year dollars as shown in Figure 
5.13. Additionally, the user can see the distribution of costs between the different stages of the project 
and pay items as shown in Figure 5.14. The user can also plot the pay items in order of increasing cost to 




FIGURE 5.13 Agency Cost Results 
 
FIGURE 5.14 Example Agency Cost Distribution from the Tool 
Present Cost ($)
Materials & Construction,  7.3
Maintenance & Rehabilitation,  92.7
Use,  0.0




FIGURE 5.15 Example Pay Item vs. Cost Chart from the Tool 
5.6.2 User Cost Outputs 
User costs are presented to the user both numerically and graphically. The user can see the comparison 
of agency cost to total user cost as given in Figure 5.17, and the components of the user cost as given in 
Figure 5.18. For vehicle operating costs, all costs, unless otherwise stated, are the differential costs 
according to a base IRI of 40 in/mi. 
 




























FIGURE 5.17 Example Agency, User Cost Comparison from the Tool 
 




FIGURE 5.19 Example Vehicle Operating Cost Components from the Tool 
 


















Vehicle Operating Cost in Real Dollars
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Figure 5.19 illustrates the breakdown of vehicle operating costs and FIGURE 5.20 is an example of 
differential vehicle operating costs for a given project. As expected, vehicle operating costs follow the IRI 
progression curve. They increase as the pavement deteriorates and they decrease after maintenance 
activity.  
The user can also see the effects of the work zone on the project as shown in Figure 5.21. All work zone 
costs are computed as additional costs to the normal operating conditions. Therefore, if there is no 
queue due to work zone and only speed change delay, one would expect fuel consumption to decrease 
even though there is an increase in delay hours. Once a queue starts building, then fuel consumption 
increases due to idling. 
In addition, tire wear and tear and repair costs are not reported in the work zone module of the tool. 
The main reason is that tire wear and tear and repair costs are already considered in normal operating 
conditions and the percent change of these costs because of the presence of work zones is assumed to 
be negligible due to the limitation of available data. 
 




Chapter 6:   Case Study 
6.1 Base Case Inputs and Assumptions 
This case study investigates the user costs of an actual resurfacing project of a southbound section of 
the Tri-State Tollway in Illinois. The section selected for analysis is a 12.8 mi section between mileposts 
17.3 and 30.1. The project start year is 2001 and the analysis period is 58 years. The Average Daily Traffic 
(ADT) is 70,000 vehicles with 17.1% trucks and a total functional unit of 21,031 million vehicle-mile-
travel (VMT) over the analysis period with 0.9% traffic increase each year. Posted speed is 60 mph with a 
capacity of 2400 vehicles per lane per hour. 
There are four lanes in each direction with a width of 12 ft and there is a plan for widening one lane in 
each direction in year 28. There are five work zone activities, including construction and maintenance. 
There are four SMA overlays (3 to 4 in) activities scheduled in years 15, 28, 39 and 48. Each work zone 
activity has three stages. Details of the scheduling are gathered from the contractor documents and 
presented in the appendix.  
Based on the Tollway estimates, 1 mi of construction is planned to be completed in 20 hrs of work for 
each stage (Ghosh et al., 2018). The Illinois Tollway does not recommend 24-hr closure for the given 
section. It recommends overnight closure for most cases, but allows 24-hr closures for major 
rehabilitation (Illinois Tollway, 2015). To provide adequate safety and shorten the work zone, it is 
historically acknowledged that work zones may stay in place for 24 hrs depending on the project and 
work type. Therefore, a 24-hr closure was assumed for these rehabilitation activities. 
For each stage of the work zone, at least two lanes out of four were open. Posted work zone speed was 
45 mph and the Tollway estimated work zone capacity and counter-flow lanes at 1900 vehicles/hr/lane. 
Queue length was capped at 5 mi. 
All unit costs were estimated as explained in Chapter 5. For emission costs, cost per ton of CO2 was 
assumed to be $30/ton (Mallela and Sadasivam, 2011). Real discount rate was assumed to be 3%. Base 
IRI was assumed to be 40 in/mi and all vehicle operation costs referred to the additional (differential) 
costs resulting from the fact that the IRI was higher than 40 in/mi. 
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6.2 IRI and Texture Progression Models  
A previous study conducted for Illinois Tollway was used to generate the IRI progression (Wu, 2015). 
Historical IRI data was used to generate a progression and a drop model for Illinois as given in Equation 
6.1: 
IRIt = IRIt−1 + a ∗ Thickness
b ∗ ESALsc 
IRI drop = m ∗ IRIbefore + n 
IRIafter = IRIbefore − IRI drop 
 (6.1)
                                                                                                                                                                                                                                                              
Where, 
           IRIt         = IRI value for year t, in/mi; 
IRIt-1        = IRI value for year t-1, in/mi;  
 Thickness    = Thickness of pavement surface layer, in;  
 ESALs      = ESALs for the design lane, million; 
 IRIbefore      = IRI value right before maintenance; 
 IRIafter       = IRI value right after maintenance; 
 IRI drop     = IRIbefore - IRIafter; 
 a, b, c       = Coefficients for IRI progression model; and 
 m, n        = Coefficients for IRI drop model. 
 
For this specific project, the coefficients were calibrated as a = 10.5592, b = -9.6806, c = 0.1318, m = 
0.9340, and n = -46.211. 
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Texture progression for dense graded pavements is based on Lu et al., 2009 and was calibrated 
for Illinois as presented in equation 6.2:  
𝑀𝑃𝐷(𝑚𝑚) =  −0.055 ∗ ln(𝑎𝑔𝑒 + 1) + 1.6604 𝑓𝑜𝑟 𝐴𝑠𝑝ℎ𝑎𝑙𝑡 𝑆𝑢𝑟𝑓𝑎𝑐𝑒    (6.2)                      
                                                                                                                                                                                                                          
6.3 Traffic Modelling 
A simple two-phase traffic model was used to incorporate the difference in speed during on- and off-
peak hours. This data was collected from Illinois Tollway in 2013 to determine the traffic inputs during 
AM-peak, PM-peak, holiday, and weekend volumes. Once entered, these inputs were fed into the two-
phase traffic model for calculation (Al Qadi et al., 2016). 
6.4 Comparison Cases for Sensitivity Analysis 
Using the abovementioned inputs, the user costs were calculated to set a base case. Then, sensitivity 
analysis was performed to quantify the significance of various factors on user costs such as traffic, 
activity timing, completion rate, IRI progression rate, and discount rate. 
Finally, an alternative with three maintenance activities instead of four was compared to the base case. 
The years of maintenance activities are 17, 34, and 50. With three activities, it was assumed that the 
surface overlay thickness for each overlay is thicker than the case of four alternatives. But, the overall 
surface thickness was assumed to be the same. Since the IRI progression model does not depend on 
overlay surface thickness, but only on surface type, this is a good case to evaluate the effect of IRI 
progression on normal operating costs. 
Table 6.1 summarizes the cases for the sensitivity analysis. For example, for traffic levels, the base traffic 
level was provided as 70,000 vehicles per day. This would refer to the case given as 100% in Table 6.1. If 






TABLE 6.1 Summary of Cases Considered in Sensitivity Analysis (Base Case is Bold) 
Factors Cases Compared (With respect to Base) 
Traffic Levels 115%, 100%, 85%, 70% 
IRI Progression Rate 150%, 125%, 100%, 75%, 50% 
Activity Timing -2 Years, On time, +2 Years 
Discount Rate 3%, 4%, 5% 
Number of Activities 3, 4 
 
6.5 Base Case Results  
The base case results are shown in Table 6.2. Agency costs constitute a significant part of the base case, 
at approximately 72% of total life cycle costs. Due to a 24-hr closure, there was a rather high delay cost 
resulting from the work zone (27% of total user costs), especially as related to the activities where the 
queues were formed. The queues were predicted to occur in the last three work zone activities, all 
extending to a length of five mi. The results also showed the significance of vehicle operation costs 
during normal operating conditions. The VOC was primarily governed by fuel costs, which correspond to 
almost 97% of total VOC as shown in Figure 6.1. Tire wear and tear costs and vehicle maintenance costs 








TABLE 6.2 Overall Cost of Base Case 
Present Cost 
Agency Cost ($) Percentage  User Cost ($) Percentage 
Total Cost   $               46,101,819  -  Total Cost  $17,817,598 - 
Construction and 
Materials 








Use $                                   - 0.0%  Crash  $52,686 0.3% 






FIGURE 6.1 Vehicle operating cost breakdown for the base case. 
Since IRI is the main component of vehicle operating costs, the IRI progression had a similar trend as the 
vehicle operating costs in Figure 6.2. Queue formation for years 38 and 48 during work zone activities 
resulted in idling, which caused additional fuel consumption. However, the fuel consumption cost due to 
work zone activities was only 0.5% of vehicle operating cost and was therefore considered negligible 
when compared with the overall differential vehicle operation costs. 
 




FIGURE 6.2 Vehicle operating cost over the analysis period in real dollars. 
6.6 Sensitivity to Traffic 
To investigate the sensitivity of delay and vehicle operating cost to daily traffic, the same analysis was 
performed using different average daily traffic values above or below the 70,000-vehicle base case. 
























FIGURE 6.3 Sensitivity of user costs to number of vehicles per day. 
As figure 6.3 illustrates, delay costs were very sensitive to changes in traffic. This was due to queue 
formation. Even though 24-hr closures are sometimes necessary for safety and quick completion of the 
project, they usually result in queues. Once a queue forms, the delay costs are no longer linear to the 
traffic level. Instead, the variation is proportional to traffic, because vehicle operation costs are directly 
proportional to traffic levels. This makes the vehicle operating costs even more important for low traffic 
sections because delay costs would be significantly less with no queue formation.  
6.7 Sensitivity to IRI Progression Rate 
The IRI progression given for this specific section assumes a fixed IRI progression rate in in/mi/year. This 
rate of progression greatly affects the results of LCCA. For the sensitivity analysis, the IRI progression 
rate was assumed to be 50%, 75%, 125% and 150% of the base case. The analysis yielded the results 
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FIGURE 6.4 Sensitivity of user costs to IRI progression rate. 
As expected, the IRI progression rate is directly proportional to vehicle operating costs since the models 
are also directly proportional to IRI at a given year. This figure shows the importance of having an 
accurate IRI progression model for accurate estimations of vehicle operating costs, whereas delay costs 
are not sensitive to IRI progression. 
6.8 Sensitivity to Treatment Activity Timing 
As described in the base case, the maintenance activities are scheduled at Year 15, 28, 39, and 48. 
However, due to budget constraints or pavement condition, those schedules may shift forward or 
backward. Figure 6.5 shows the effects of activity timing on user costs by shifting the activity years 
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FIGURE 6.5 Sensitivity of user costs to activity timing. 
For this example, it is clear that vehicle operating costs were sensitive to timing. From Figure 6.5, it 
appears that vehicle operating costs influence timing of the rehabilitation activities more than the delay 
cost in this project. 
6.9 Sensitivity to Discount Rate 
Especially for lengthy projects, the discount rate plays an important role when determining present cost. 
For the base case, the discount rate was assumed 3%. Analysis was conducted using a discount rate of 
4% and 5%, as shown in Figure 6.6. In this case, delay costs were more sensitive to the discount rate 
because of the spread over the life of the project; vehicle operating costs were considered annual. 









































FIGURE 6.6 Sensitivity of user costs to discount rate. 
6.10 Sensitivity to Number of Treatment Activities 
For many LCCA projects, various alternatives have a different number of maintenance activities. From an 
agency costs and delay costs perspective, the alternative with fewer treatment activities is usually more 
desirable. Unfortunately, in return, vehicle operating costs might be impacted because of worse 
pavement conditions. In this scenario, three activities were compared to the base four treatment 
activities. Because the IRI progression model is assumed the same for various resurfacing thicknesses. 
The only difference in IRI progression results would be due to maintenance timing and numbers. 
In the base case, the scheduled maintenance activities were scheduled in Years 15, 28, 39, and 48. The 
scheduled treatment activity was SMA overlay (3 to 4 in). For the case of three maintenance activities, 
the assumed years were 17, 34, and 50 and the scheduled treatment activity was SMA overlay (3 to 4 
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schedule and conditions were assumed to be the same. The only difference between the alternatives 
was the number of maintenance activities and their timing. The LCCA results are given in Table 6.3. 
TABLE 6.3 Present Cost of Three Activities 
Present Cost of Three Treatments Activities 
Agency Cost ($) Percentage  User Cost ($) Percentage 
Total Cost   $               40,348,152  -  Total Cost  $18,119,007 - 
Construction and 
Materials 








Use  $                                   -  0.0%  Crash  $40,707 0.2% 
End Of Life  $                                   -  0.0%  Emission  $1,363,590 7.5% 
 
The overall cost of three activities was lower than four activities. Most LCCA approaches suggest user 
costs are lower because of less disturbance to traffic. This is true only when vehicle operation costs are 
not considered. As this case illustrates, even though three activities resulted in a 16% decrease in delay 
costs, the vehicle operation costs increased by 8%. It resulted in almost the same user cost between the 





FIGURE 6.7 Sensitivity of Different Alternatives to Traffic Level 
For three and four treatment activities, the delay costs were more sensitive to the traffic level than 
vehicle operating costs. Delay costs were reduced with decreasing traffic as would be expected. Because 
of the change in IRI progression, user costs remained unchanged or increased slightly; the importance of 
vehicle operating costs increased with decreasing traffic. 
Finally, similar to the base case, a sensitivity analysis was conducted that varied the IRI progression rate 
























































FIGURE 6.8 Sensitivity of different alternatives to IRI progression rate. 
With rapid IRI progression, the importance of vehicle operation costs was even more prominent with a 
fewer number of alternatives. With three treatment activities and rapid IRI progression, it is even 
possible to see an increase in user costs. Also, the relative importance of vehicle operating costs, 













26.7% 28.1% 29.1% 30.6% 32.1%











































IRI Progression rate with respect to the base case (%)
VOC 4 act VOC 3 act Delay 4 act Delay 3 act
52 
 
Chapter 7:   Summary, Conclusions, and Recommendations 
This thesis focuses on the calculation of user costs in LCCA. During traditional pavement LCCA, it is a 
common practice to focus on work zone costs when comparing various cases while neglecting normal 
operating costs. For complete and more accurate life cycle cost calculations, costs associated with 
normal operating conditions of pavement should be included. Pavement surface conditions represented 
by IRI and texture can be used to calculate additional fuel costs in addition to the traditionally user 
vehicle operating costs, such as vehicle repair and tire wear and tear costs. A methodology for a 
complete user cost calculation is presented and a tool was developed to apply the methodology in real 
applications. A resurfacing Illinois Tollway project was used as a case study to illustrate the effects of 
vehicle operating costs.  
The study suggests that vehicle operating costs, which require the use of a reliable IRI progression 
model, are important and should be included in LCCA; however, it should be included as a change 
between treatment alternatives rather than absolute values. With high traffic volumes, as soon as a 
queue starts forming in a work zone, delay costs are usually more prominent and are the deciding factor 
between treatment alternatives. However, for lower traffic volumes or in cases where queues are not 
forming, vehicle operating costs might be the deciding factor between treatment alternatives.  Normal 
operating cost difference between treatment alternatives may be as significant as the delay costs.  
Based on this study, the following conclusions are drawn: 
1. A tool that conducts both LCA and LCCA was developed, including the effects of user costs under 
normal operation conditions. 
2. Reducing number of treatment activities might increase user costs depending on traffic level. 
3. When IRI progression rate increases, the significance of normal operation user costs will 
increase. The IRI progression rate is linearly related to fuel consumption.  
4. Delay costs are more sensitive to discount rate than vehicle operating costs. This means that 
with increasing discount rates, the importance of vehicle operating costs will further increase.  
Future work on LCCA should focus on incorporating probabilistic parameters. While deterministic 
analysis is fairly accurate, probabilistic analysis accounts for the variation usually presented in a separate 
sensitivity analysis. Once the probabilistic analysis is incorporated, the next step would be to develop a 
decision-making method to determine the optimum construction schedule based on LCCA. In addition, 
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current normal operating costs are dependent on current vehicle technology. With new technologies, 
the emissions of vehicles may change drastically. Since fuel cost is the major cost component in normal 
operating costs, the sensitivity of vehicle efficiency should be investigated; including the use of electrical 
vehicle. Finally, connected and autonomous vehicle will change the current delay and emission 
calculation models since these vehicles will not behave as described in current traffic models. Therefore, 
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Appendix A: Contract Documents 
 








FIGURE A.3 Pay Items for Project Part 2 
 
 











FIGURE A.6 Schedule for Initial Construction 
 






















Appendix B: Work Zone Inputs 
 











FIGURE B.3 Work Zone Capacity 
 
